Abstract

We study the problem of extending a state on an abelian C*-subalgebra to a tracial
state on the ambient C*-algebra. We propose an approach that is well-suited to the case
of regular inclusions, in which there is a large supply of normalizers of the subalgebra.
Conditional expectations onto the subalgebra give natural extensions of a state to the
ambient C*-algebra; we prove that these extensions are tracial states if and only if certain
invariance properties of both the state and conditional expectations are satisfied. In the
example of a groupoid C*-algebra, these invariance properties correspond to invariance of
associated measures on the unit space under the action of bisections. Using our frame-
work, we are able to completely describe the tracial state space of a Cuntz-Krieger graph
algebra. Along the way we introduce certain operations called graph tightenings, which
both streamline our description and provides connections to related finiteness questions
in graph C™-algebras. Our investigation has close connections with the so-called unique
state extension property and its variants.
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Introduction

A trace on an complex algebra A is a linear functional ¢ : A — C
satisfying ¢(xy) = ¢(yx) for all z,y € A. If A is a C*-algebra, and the
trace ¢ is also a state, it is simply called a tracial state. Such objects
play a fundamental role in Elliott’s classification program, as well as in the
study of K-theory for C*-algebras ([4],[5],[25],[31]); thus considerable effort
has been devoted to constructing them on various classes of C*-algebras
([110,[27],[28]). In this paper we study tracial states on C*-algebras A by
reconstructing them from their restrictions to regular abelian subalgebras
B C A. Recall that an inclusion B C A is regular if the normalizer of B in
A generates A as a C*-algebra. Regularity is an essential feature of Cartan
inclusions ([23]) and their generalizations ([20]); the concept first proved
to be fruitful in the work of Feldman and Moore [6] in the von Neumann
algebra setting.

The material is organized as follows. In Section 1 we focus on identifying
those states ¢ € S(B) which extend to tracial states on larger subalgebras of
A. Throughout the paper we assume the existence of a conditional expecta-
tion E : A — B, and the extensions we consider are those of the from ¢ o E.
The natural conditions employed in our analysis are invariance (for ¢) and
normalization (for E). The main result is Theorem [1.7] which provides the
natural framework for extending a state ¢ to a tracial state on a subalgebra
of the form C*(B U Ny), where Ny is a set of normalizers for B.

Section 2 specializes our investigation to the case of étale groupoid C*-
algebras, where the natural abelian C*-algebra to consider is Co(G?)) — the
C*-algebra of continuous functions that vanish at oo on the unit space G().
In this framework, the invariance conditions treated in Section 1 become
measure theoretical in nature, described as a balancing feature. Theorem
and Corollary show how balanced measures naturally induce traces
on groupoid C*-algebras.
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In Section 3 we explore the link between the invariance and normaliza-
tion conditions from Section 1 and certain state extension properties, which
simplify our earlier analysis 1 by placing the emphasis solely on the state
¢ € S(B), as illustrated in Corollary Furthermore, when the so-called
extension property holds, the tracial state space of A can be completely
described by its restrictions to B, as seen in Corollary

The paper concludes with Section 4, where the case of graph C*-algebras
is fully investigated, using results proved from Sections 1 and 3. Given some
directed graph F, our main goal is the complete parametrization of the
tracial state space of the associated C*-algebra C*(FE), solely in graph the-
oretical language. Earlier work in this direction ([28], [18],[8],[27]) identified
the notion of graph traces as a major ingredient. Following a lengthy review
(which ends with Lemma , we apply the results from Section 1 to con-
structing traces on C*(E) out of states defined on one of the two natural
abelian subalgebras: D(E) the diagonal (see Corollary [4.16), or M(E) the
abelian core (see Corollary . By combining this with Theorem
we provide a constructive alternative approach to that of [28]. As graph
traces alone are insufficient for parametrizing the entire tracial state space
of C*(FE), it is necessary to augment them using what we termed cyclical
tags, and the main result concerning these objects is stated in Theorem [4.33
In order to tie up these results with those from Section 3, we need to decide
when the inclusion M(E) C C*(E) satisfies the hypotheses of Corollary [3.6}
In Theorem we are able to do this in purely graph theoretical terms
(on the graph E), by singling out the tightness condition. Our main goal
of completely parametrizing all tracial states on C*(E) is achieved in The-
orem using a graph operation which we call tightening. Motivated by
the observation that graph traces parametrize the gauge invariant traces, the
section concludes with Theorem [£.42] which provides a graph theoretic char-
acterization of the automatic gauge invariance for tracial states on C*(E).

We thank the referee for many useful remarks and suggestions.

1. Invariant states on abelian C*-subalgebras

Following [13] and [24], given a C*-algebra inclusion B C A, an element
n € A is said to normalize B if nBn* Un*Bn C B. The collection of such
normalizers is denoted by N4(B), or simply N (B) when there is no danger of
confusion. Clearly N(B) is closed under products and adjoints, and contains
B. A C*-inclusion B C A is said to be regular, if N(B) generates A as a
C*-algebra. (Equivalently, if the span of N(B) is dense in A.)

Most of the C*-algebra inclusions B C A we are going to deal with in
this paper are non-degenerate, in the sense that B contains an approximate
unit for A. (Of course, if A is unital, then non-degeneracy of B is equivalent
to the fact that B contains the unit of A.) Note that, if B C A is a non-



degenerate C*-subalgebra, then n*n, nn* € B for any n € N(B).

Definition 1.1. Assume B C A is a non-degenerate and let ¢ be a state on
B CA.

1. Given n € N(B), we say that ¢ is n-invariant if

Vbe B: ¢(nbn*) = ¢(n*nbd). (1)

2. Given Ny C N(B), we say that ¢ is Ny-invariant if ¢ is n-invariant
for all n € Ny.

3. Lastly, if ¢ is N(B)-invariant, then we simply say that ¢ is fully in-
variant.

The collection of fully invariant states on B C A is denoted by S™(B).

Comment. The restriction 7|p of any tracial state 7 € T'(A) is clearly a fully
invariant state on B, so we have an affine w*-continuous map

T(A) > 7+ 7| € S™(B). (2)
This paper aims at understanding when the map is either surjective, or
injective, or both.

The most important features of normalizers and invariant states are col-
lected in Proposition [I.3|below. Both in its proof and elsewhere in the paper,
we are going to employ the following facts, which can easily be obtained us-
ing continuous functional calculus.

Facts 1.2. Assume x is an element in some C*-algebra A.

(i) For any function f € C([0,00)), the elements f(zz*), f(z*z) € A,
given by continuous functional calculus, satisfy the equality

2f(") = flaa")a. (3)

(i) When specializing to the k™ root functions f(t) = t'/*, we also have
the equalities

lim (zz*)"*z = lim z(z*z)/* = 2. (4)
k—o00 k—oc0

(i5i) If we fix a double sequence (f,f)zfezl of polynomials in one variable,
such that

VEeN: Elim tfL(t) = t*/*, uniformly on compact K C [0,00) (5)
—00

(this is possible by the Stone-Weierstrass Theorem), then:

lim lim zf{(z*z)z*s = lim lim zz*zff(z*z) = z, (6)
k—o00 £—00 k—o00 £—00
lim lim fi(zz*)ze s = lim lim zz* ff (za*)z = . (7)
k—o00 f—00 k—o0 f—00



Proposition 1.3. Let B C A be a non-degenerate abelian C*-subalgebra of
a C*-algebra A. Then:

(i) nB = Bn for alln € N(B).
(11) All states ¢ € S(B) are B-invariant.

(iii) If ¢ € S(B) is n-invariant for some n € N(B), then ¢ is also n*-
mvariant.

() If ¢ € S(B) is both ni-invariant and ne-invariant, for some ny,ny €
N(B), then ¢ is also nina-invariant.

(v) If No C N(B) is a sub-x-semigroup, generated as a *-semigroup by
some subset W C N(B), and ¢ € S(B) is W-invariant, then ¢ is
Ny-invariant.

(vi) A state ¢ € S(B) is fully invariant if and only if

Vn e N(B): ¢(nn*)=¢(n*n). (8)

Proof. (i) It suffices to show that for any n € N(B) and any b € B, we have
nb € Bn and bn € nB. If we fix n and b, then using the f;’s from Fact

combined with the commutativity of B, we have
nb= lim lim f{(nn*)nn*nb= lim lim f{(nn*)nbn*n. 9)
k—00 f—00 k—00 f—00
Since n normalizes B, we know that nbn* € B, so the elements bf; =
f,f(nn*)nbn* all belong to B, and then @D, which now simply states that
nb = limp_oo limy_ys bin, clearly proves that nb € Bn. The fact that
bn € nB is proved exactly the same way.

(ii) This is obvious, since B is abelian.
(iii) Take a sequence {b;} C B such that bn = limy nb;. Then

¢(n*bn) = liin d(n*nby) = h;lgn d(nbgn™) = ¢(bnn*) = ¢(nn*d).
(iv) Suppose that b € B. Take a sequence {c;} C B such that (njni)ng =
limy, nocg.. Then
d(ninabnyny) = p(nininabng) = liin d(nackbns) = lilgn d(nanacgb) =
= ¢(naniningb),

so that ¢ is nine-invariant.

Part (v) follows immediately from (iii) and (iv).

(vi) The “if” implication (for which it suffices to prove (1| only for posi-
tive b) follows from the observation, that for any n € N(B) and any b € BT,



the element = = nb'/? is again in N(B), so applying condition to x will
clearly imply
B(nbn*) = ¢(b"*n*nb'/?) = ¢(n*nb).

Conversely, if ¢ is fully invariant, then

Vne N(B): ¢(nn*) = li/l\rngZ)(nuAn*) = liin d(n*nuy) = ¢(n*n),

where (uy) C B be an approximate identity for A. O

Besides the notion of invariance for states on a C*-subalgebra, we will
also use the following two additional variants.

Definition 1.4. Given a state ¢ € S(A), we say that an element z € A
centralizes 1 if 1(xa) = 1 (ax) for all a € A. It is easy to see that the set

Zy ={x € A: x centralizes ¢}

is a C*-subalgebra of A. (Obviously, 1 is always tracial when restricted to
Zy. In particular, v is tracial on A, if and only if its centralizer Z,, contains
a set that generates A as a C*-algebra.)

Definition 1.5. If B C A is a C*-subalgebra and n € N(B), we will say
that a map ® : A — B is normalized by n if ®(nan*) = n®(a)n* for all
ac A

Lemma 1.6. Let B C A be a non-degenerate abelian C*-subalgebra with a
conditional expectation E : A — B, which is normalized by some n € N(B).
For a state ¢ € S(B), the following are equivalent:

(i) ¢ is n-invariant state on B;
(i1) poE € S(A) is a state on A, which is centralized by n.

Proof. The implication (ii) = () is pretty obvious, and holds even without
the assumption that [E is normalized by n. Indeed, if b € B, then nbn* =
E(nbn*) and bn*n = E(bn*n), so if ¢ o E is centralized by n, then:

¢(nbn*) = (¢ o E)(n(bn*)) = (¢ o E)((bn*)n) = ¢(bn*n) = ¢(n*nb).

For the proof of (i) = (i), we fix a € A and we show that ¢(E(an)) =
¢(E(na)). Fix polynomials (ff) as in Fact [L.2(iii). Since E is a conditional
expectation, it follows that

E(an) = lim lim E (anf,f(n*n)n*n)

- k—00 £—00

= lim lim E (anf,f(n*n)) n'n.
k—o00 £—00
(10)



By the n-invariance of ¢, we have

#(E(an)) = lim lim ¢ (E ((mf]f(n*n)> n*n> _

k—00 £—00

= lim lim ¢ (nE (cmf,f(n*n)) n*) . (11)

k—o00 £—00

Because E is normalized by n, with the help of (3] our computation continues
as:

6(E(an)) = lim lim ¢ (E(nanf{ (n'n)n")) =

k—00 £—00

= lim lim ¢ (E (naf,f(nn*)nn*)) . (12)

k—o00 f—00

Since E is a conditional expectation onto an abelian C*-subalgebra, we have:

E(naff(nn*)nn*) = E(na) f(nn*)nn* =

= fi(nn")nn*E(na) = B(fi(nn*)nn*na),

so when we return to and we also use , we finally get:

¢(E(an)) = lim lim ¢ (E (f,f(nn*)nn*na)) = ¢(E(na)). O

k—00 £—00

Theorem 1.7. Let B C A be a non-degenerate abelian C*-subalgebra with
a conditional expectation E : A — B, which is normalized by some set
No C N(B). For a state ¢ € S(B), the following are equivalent:

(i) ¢ is No-invariant;
(ii) @oE is centralized by all elements of the C*-subalgebra C*(BUNy) C A;
(ii) the restriction (¢ o B)|c+(puny) is a tracial state on C*(B U Np).

Proof. (i) = (ii). Assume ¢ is No-invariant. By Lemmall.6] we clearly have
the inclusion Ny C Zor, so (using the fact that Zy.g is a C*-subalgebra
of A) in order to prove statement (ii), it suffices to show that ¢ o E is also
centralized by B, which is pretty clear, since B is abelian.

The implication (%) = (4i7) is trivial, since any state becomes tracial
when restricted to its centralizer.

(44i) = (i). Assume (¢ o E)|c«(pun,) is a tracial. In particular, No
centralizes this restriction, so by Lemma (applied to C*(BUNy) in place
of A), it again follows that ¢ is Ny-invariant. O




2. Invariant states in the étale groupoid framework

The invariance conditions from Section 1 can be neatly described in
the context of étale groupoid C*-algebras, which we briefly recall here. A
groupoid is a set G along with a subset G2 € G x G of composable pairs
and two functions: composition G 3 (a, ) — o3 € G and an involution
G v+~ v~! € G (the inversion), such that the following hold:

(i) v(n¢) = (yn)¢ whenever (v,7), (n,¢) € G,

(i) (y,77") € G® for all y € G, and v~ (yn) = n and (yn)n~" = 7 for
(v,m) € G®.
Elements satisfying © = u? € G are called units of G and the set of all such
units is denoted G(© ¢ G and called the unit space of G. There are maps
r,s: G — GO defined by
r(y) =77 s(y) =71y
that are called, respectively, the range and source maps. If A, B C GG, then
AB ={y€ G:3a € A, B € B, such that aff = v}.

It is not difficult to show that (o, ) € G® if and only if s(a) = (). For
a given unit v € GO there is an associated group G(u) = {y € G : r(y) =
s(y) = u}; this is called the isotropy or stabilizer group of w. The union of
all isotropy groups in G forms a subgroupoid of G called Iso(G), the isotropy
bundle of G. A groupoid is called principal (or an equivalence relation) if
Iso(G) = G©); that is, if no unit has non-trivial stabilizer group.
Throughout this present paper a groupoid G will be called étale, if it is
endowed with a locally compact and second countable topology so that

(a) the composition and inversion operations are continuous (the domain
of o is equipped with the relative product topology), and furthermore,

(b) the range and source maps are local homeomorphisms.

By condition (b), for each 7 € G, there exists an open set v € X C G, such

that the maps s(X) Sy rlx r(X) are homeomorphisms onto open

sets in G such an X is called a bisection. Note that in the étale case, the
unit space G() is in fact clopen in G, and all range and source fibers 7~ (u),
sHu),u e G (0), are discrete in the relative topology; hence compact subsets
of G intersect any given range (or source) fiber at most finitely many times.

In order to define a C*-algebra from an étale groupoid G, it is necessary
to specify a x-algebra structure on C.(G). This is given by

fxgm= > fla)gB);

(a,8)€GP) 0=




(Compactness of supports ensures that the sum involved in the definition
of the product gives a well-defined element of C.(G).) As G is open
in G, we have an inclusion C.(G(®) c C.(G), which turns C.(G(®) into
a x-subalgebra. However, the x-algebra operations on CC(G(O)) inherited
from C.(G) coincide with the usual (pointwise!) operations: h* = h and
hxk = hk, Vh, k € CC(G(O)). In fact, something similar can be said
concerning the left and right C.(G(?)-module structure of C,(G): for all
f €CQ), h € C(GD) we have

(f x h)(v)
(hx f)()

FR(s(7)); (13)
h(r .

(r()f(v)

Following Renault ([23]), for an étale groupoid G, the full C*-norm on
C.(G) is given as

1l = sup{Hw(f)H :

7 non-degenerate || . ||;-bounded
x-representation of C.(G) ’

and the full groupoid C*-algebra C*(G) is defined to be the completion of
C.(G) in the full C*-norm. When restricted to C.(G(®), the full C*-norm
agrees with the usual sup-norm || - ||, so by completion, the embedding
C.(G®) € C.(G) gives rise to a non-degenerate inclusion Co(G(?) ¢ C*(@).
At the same time, one can also consider the restriction map, which ends up
being a contractive map (C.(G), |- |) 2 f — flaw € (CC(G(O)), |+ 1los)
so by completion one obtains a contractive linear map E : C*(G) — Co(G?),
which is in fact a conditional expectation. We refer to [E as the natural expec-
tation. Using the KSGNS construction associated with E ([I5]) we obtain
a s-representation 1 : C*(G) — L (L*(C*(G),E)), where L? (C*(G),E)
is the Hilbert Co(G(®)-module obtained by completing C*(G) in the norm
given by the inner product (a|b)c, (o) = E(a*b). With this representation
in mind, the quotient C*(G)/ker mg is the so-called reduced groupoid C*-
algebra, denoted by C? ;(G). An alternative description of the ideal ker 7 is
to employ the usual GNS-representations me,,ox, associated with the states
ev, o E € S(C*(G)) that are obtained by composing E with evaluation
maps ev, : Co(G®) 3 h — h(u) € C, u € GO, With these (honest) rep-
resentations in mind, we have ker mg = ﬂueG@) ker ey, or. As was the case
with the full groupoid C*-algebra, after composing with the quotient map
Tred : C*(G) = CF4(G), we still have an embedding C.(G) C C} 4 (G), so we
can also view C¥,(G) as the completion of the convolution *-algebra C.(G)
with respect to a (smaller) C*-norm, denoted || - |[;eq. As before, when
restricted to C.(G(?), the norm || - ||l,eq agrees with || - oo, s0 Co(G®)
still embeds in C (G), and furthermore, since the natural expectation E
vanishes on ker g, we will have a reduced version of natural expectation,
denoted by Eyeq : Cy(G) — CO(G(O)), which satisfies E,oq © Treq = E..



As pointed out for instance in [24], a large supply of normalizers for
CO(G(O)) are those elements of the groupoid C*-algebra represented by func-
tions f € C.(G) supported in bisections. We shall refer to such elements as
elementary normalizers of C’O(G(O)). Note that the collection Nelem(Co(G(O)))
of elementary normalizers, along with 0, is a *-subsemigroup of N (CO(G(O))),
and furthermore Ngjem (CO(G(O))) generate the ambient algebra — C*(G) or
Cr 4(G) — as a C*-algebra. Using the embedding of C.(G) in the groupoid
(full or reduced) C*-algebra, we interpret Nejem (CO(G(O))) as a subset in
C.(G), namely:

Nelem (CO(G(O))) = U OC(X) - Cc(G) (15)

X bisection

Comment. In order to avoid any unnecessary notational complications or
duplications, the results and definitions in the remainder of this section are
stated only using the reduced C*-algebra C? ;(G) as the ambient C*-algebra.
However, with only a few explicitly noted exceptions, by composing with the
quotient *-homomorphism meq : C*(G) — C¥(G), the same results will
hold if we use the full C*-algebra C*(G) instead; we leave it to the reader to
write down the missing statements corresponding to the full case (by simply
erasing the subscript “red” from the statements).

The étale groupoid framework is particularly convenient because one of
the hypotheses in Lemma above is automatically satisfied.

Proposition 2.1. The natural conditional expectation Ereq : Cly(G) —
CO(G(O)) is normalized by all elementary normalizers. In particular, for a
state ¢ on Co(G©), the following are equivalent:

(i) ¢ is an Nelem (CO(G(O)))—invariant state on Co(GV));
(ii) ¢ oEyeq is a tracial state on C4(G).

Proof. Assume n € C.(X), for some bisection X C G. In order to prove the
first assertion, we must show that Eeq(n X f x n*) =n X Epq(f) x n*, for
all f € C.(G). Fix f, as well as 2 € GO, Then

n(y)2f(s if Iy e Xnr=tu)Ns(su
B x £ ) = [TV i 3y () 115 (supp ).
0 else
It is straightforward to verify that this is the same as (n x Eyeq(f) x n*) (u).
The second statement is a direct consequence of Theorem combined
with the fact that Nejem (Co(G())) generates C,(G) as a C*-algebra. [

We want to characterize the Nejem (Co(G))-invariant states on Cp(G(?)
— hereafter referred to as elementary invariant states — completely in mea-
sure-theoretical terms on G. We introduce the following terminology in
parallel with Definition [1.1

10



Definition 2.2. Let G be an étale topological groupoid with unit space
G and let p be a positive Radon measure on G(©).

1. Given an open bisection X C G, we say that p is X-balanced if
W(XBX ) = u(s(X) N B) for any Borel set B ¢ G,

2. If X is a family of open bisections, then we say that u is X-balanced
if p is X-balanced for all X € X.

3. If p is X-balanced for every open bisection X, then we say that p is
totally balanced.

Notations. Given a proper continuous function between locally compact
spaces h : X — Y, and a Radon measure p on X, we denote its h-
pushforward by h,u. This is a Radon measure on Y, given by (h.u)(A) =
wu(h~1(A)), for any Borel set A C Y. Note that the pushforward construc-

tion is covariant: (g o f).p = g«(felt).
By Riesz’s Theorem, we have a bijective correspondence

Prob(X) 3> p+— ¢, € S(Co(X)) (16)

between the space of Radon probability measures on X and the state space
of Cy(X), defined as follows. For each pu € Prob(X), the associated state
¢u € S(Co(X)) is:

bulf) = /X f(z) du(z), f € Co(X).

On the level of positive linear functionals, the pushforward construction
corresponds to composition:

(hed)(f) = ¢(foh), FECHY), h:X =Y.

Lemma 2.3. With G as above, let X C G be an open bisection. For a finite
Radon measure i on GO, the following are equivalent:

(i) plsxy = (so(rlx)™), (ulrx);

(ii) u(s(B)) = pu(r(B)), for all Borel subsets B C X;
(iti) p(s(K)) = p(r(K)), for all compact subsets K C X ;
(iv) p is X -balanced.

(In condition (i) we use the restriction notation for measures: if y is a finite
Radon measure on G©) — thought as a function g : Bor(G(®) — [0, c0),
and D ¢ G is some open subset, then p|p is the Radon measure on D
obtained by restricting p to Bor(D).)

11



Proof. The equivalence (i) < (i7) is trivial, because the maps s(X) S

x X r(X) are homeomorphisms onto open sets.

The equivalence (ii) < (iv) follows from the observation that, for any
Borel set B © G, the set B’ = XNs~1(B) C X is Borel, and furthermore,
the sets that appear in the definition of X-invariance are precisely X BX ! =
r(B’) and s(X) N B = s(B’).

Lastly, the equivalence (ii) < (iit) follows from regularity and finiteness
of u. O

We are interested in balanced measures because they are tied up with
elementary invariance.

Lemma 2.4. Let G be an étale groupoid with unit space GO, let u be
a Radon probability measure on GO, and let ¢ be the state on the C*-
subalgebra Co(G)) C C4(G) given by (16)). For an open bisection X C G,
the following conditions are equivalent:

(i) w is X -balanced;
(it) ¢y is Co(X)-invariant. (As in (1), Co(X) C Nc= (G) (Co(G™)).)
Proof. The entire argument will be based on the following

CLAIM. For anyn € Co(X) and any b € Co(G), one has the equalities:

@An*xnxb)zu/uju o (s]x)™Y) (w)[*b(u) d (1l (w): (17)
¢Mnxbxnﬂ:=/?QKHO(HXYJ)OOF(bOSO(ﬂXYJ)OUd(meﬂ(Uﬁ
(18)
gbu(nxbxn*):/(x)‘( o(slx)” ) ‘ b(u ( 0(7”|X)71)* (N|r(X)) ().
(19)

The equality follows from the definition of the convolution multipli-
cation and *-involution, which yields

ns_1u2us
<anxw:{L(“X)()” o

so we can multiply the functions n*n and b to obtain:

|n( slx)~ ’ b(u) we s(X)

(n* xn xb)(u) = {0 ud s(X).

12



Likewise, the equality in follows from

n ((rlx) M) [7 0 (s ((rlx)7H(w))  uwer(X)
0 u & r(X)

2

(nxbxn*)(u):{

which implies that the support of n x b x n* is contained in X (suppb) X~ C
r(X). Lastly, the equality between the right-hand sides of and
follows immediately by applying the definition of the pushforward

/S Ao ™), (o) = / o Feso ™) i) s @0

to functions f € C¢(s(X)) of the form: f(u) = !n o ((slx)™) (u)’2 b(u).
Having proved the Claim, the implication (i) = (i) follows from Lemma
[2.3] which yields:

Vn e CuX),be Ceo(GO) 1 pu(n*xnxb) = du(nxbxn®).  (21)

By density, holds for all n € C.(X), b € Co(G?), thus ¢, is n-invariant
for all n € C.(X).

As for the implication (i7) = (i), all we have to observe is that, if ¢, is
Cc(X)-invariant, then is valid, which by the identities and (19),
simply state that the equality

o -1 =
/S(X) fd(so(rlx)™), () /S(X) Fd (plsx)) (22)
holds for all functions of the form:

Fw) =|(no(slx)™") (@)|*b(u), n € Cu(X), be C(GD).  (23)

Since (using a partition of unity argument) the functions of the above form
linearly span all functions in C. (s(X)), the equality simply states that

(5 o (T|X)_1)* (iu|r(X)) = /'L|5(X)a
so by Lemma [2.3[i), it follows that p is indeed X-balanced. O

Combining Proposition [2.1] with Lemma [2.4], we now reach the following
conclusion.

Theorem 2.5. Let G be an étale groupoid with unit space GO et u be
a probability Radon measure on G, and let ¢ be the state on the C*-
subalgebra Co(G) ~a(G) given by . The following conditions are

equivalent:

(i) w is totally balanced;
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(it) ¢ is elementary invariant;
(iit) ¢, ts fully invariant;
(iv) ¢uo0Ereq is a tracial state on CF 4 (G). O

In concrete situations, one would like to check condition (i) from the
above Theorem in an “economical” way. To be more precise, assuming
that a given measure p € Prob(G(?)) is X-balanced, for some collection of
bisections X, we seek a natural subalgebra on which ¢, o E.¢q is tracial
(as in Theorem , and furthermore find criteria on X which ensure that
our subalgebra is in fact all of C (G). Parts of the Lemma below mimic
corresponding statements from Proposition [1.3] (Each one of statements
(i)-(iii) has an implicit statement built-in: the new sets, such as X'/, X!
and X7 X, are always bisections.)

Proposition 2.6. Let G be an étale groupoid with unit space GO and let
w be a Radon probability measure on G,

(i) If u is X-balanced, for some bisection X, then u is X'-balanced, for
any open subset X' C X.

(ii) If i is X -balanced, for some bisection X, then u is X ~'-balanced.

(#5i) If p is both X1- and Xo-balanced, for two bisections X1, Xo, then p is
X1 Xo-balanced.

(iv) Assume X is an open set, written as a union X = {J;c; X; of bi-
sections, such that s|x,r|x : X — GO are injective. Then X is a

bisection, and if p is X;-balanced for all j € J, then p is X-balanced.

Proof. Statements (i) and (ii) are trivial from Lemma [2.3]
Before we prove (iii), we need some clarifications. First of all, the set
X1X5 is obtained as the image of the open set

Xi10Xo={(a,8) € X1 x Xg : s(a) =7(8)} = X1 x XonG? c G?.

under composition map m : G — G. Secondly, by the bisection property,
the restrictions of the coordinate maps X3 £ X1 x X9 REIN X5 give rise
to two homeomorphisms p;(X; o X5) Pox o Xy, B p2(X1 o X2) onto
open subsets of X; and X5 respectively, and furthermore the compositions
sop; and r o pa agree on X1 o X, and the resulting map, denoted here
by t : X; 0 Xy —C GO is a homeomorphism onto an open subset D C
GO, (This open set is simply D = t(X; o X3) = s(X1) N r(Xs). By
construction, X1 X9 = @ & s(X;) Nr(X2) = @.) Furthermore, again by
the bisection property, m|x,ox, : X10X2 — X;X> is also a homeomorphism
onto an open set, so composing its inverse with the coordinate maps, we

14



obtain two homeomorphisms g = pj, o (m|x,0x,) ' 1 X1Xo — X, k= 1,2,
which satisfy s|x,x, = soq and r|x,x, = r o g2. Using all these three

homeomorphisms, the fact that X; X5 is a bisection is obvious. Not only are
sl xy x5 rlx; x4y

the maps s(X1X3) +——— X1 Xo —= r(XlXQ) homeomorphisms, but
so is the map roga = so0qy =t o (m|x,ox,) ' : X1 X2 — D.

After all these preparations, statement (iii) follows from the observation
that the X;- and Xs-balancing features imply that, for any Borel set B C
X1X9 we have

#(s(B)) = u(s(a2(B))) = pu(r(a2(B))) =
= p(s(a1(B))) = u( (01(B))) = u(r(B)),

so the desired conclusion follows from Lemma 2.3
(iv). Since we have the equalities s(X) = [J;c;s(X;) and r(X) =
Ujess(X;), it follows that s(X) and r(X) are open. The fact that both

s(X) Sy r(X) are homeomorphisms follows by their assumed
injectivity and local compactness.

Finally, to prove that p is X-balanced, we apply criterion (iii) from
Lemma [2.3] Start with some compact set K C X, and using compact-
ness write it as a finite disjoint union K = (J,_, Bj,, where B;, C Xj,,
k =1,...,n are Borel sets. Using the fact that ;1 is X;-balanced for all 7, we
know that 1(s(Bj,)) = u(r(Bj,)), for all k, so using that s and r are home-
omorphisms, we also have s(K) = (Ji_, s(Bj,) and r(K) = U;_, 7(Bj,)
(disjoint unions of Borel sets in s(X) and 7(X) respectively), so we have

= (U s(Bi)) = 3 nls(Bi) =
k=1 k=1

=S ulr(B) = n( L r(By) = wlr(K)) O

k=1 k=1

Using the above result, combined with Lemma we immediately ob-
tain the following measure-theoretic groupoid analogue of Theorem

Theorem 2.7. Assume W is a collection of bisections in the étale groupoid
G, and let X be the inverse semigroup generated by W. For a measure
1 € Prob(G©), the following are equivalent:

(1) p is W-balanced;
(ii) p is X-balanced;
(iii) the state ¢, o Ereq is tracial when restricted to the subalgebra

c* (co Gu | oo )—Sp&ﬂ(Ca U c )

wew Xex
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REMARK 2.8. A sufficient condition for a collection X of bisections of G to
satisfy the equality

span<C’o(G(0))U U CC(X)> = Clea(G)

XeXx

is that X covers G~G(®). This follows using a standard partition of unity ar-
gument, which implies the equality C.(G) = span <C’0(G(0))UU xex Ce(X )> .

As a consequence, the desired “economical” criterion for traciality of ¢, 0E cq
is as follows.

Corollary 2.9. Assume G, W and X are as in Theorem [2.71 If p €
Prob(G(O)) is W-balanced, and X covers G ~ G, then ¢u © Ereq 15 tra-
cial on C? 4(G). O

3. Tracial states via extension properties

So far, assuming that an non-degenerate abelian C*-subalgebra B C A is
the range of a conditional expectation E : A — B, we have examined certain
conditions both for a state ¢ € S(B) and for E, that ensure that ¢ o E is
a trace. In the groupoid framework, the natural conditional expectation
E exhibited nice behavior (elementary invariance), so the focus was solely
placed on ¢. In this section we provide another framework, in which again
the conditional expectation in question will also be normalized by all n €
N(B). (As a side issue one should also be concerned with the uniqueness of
conditional expectation.)

A natural class of subalgebras to which this analysis can be carried on
nicely are Renault’s Cartan subalgebras ([24]; see also the Comment follow-
ing Corollary below). As it turns out, very little from the Cartan subal-
gebra machinery is needed for our purposes: the almost extension property
(['77), which requires that the set

P(B1 A) = {w e B :w has a unique extension to a state on A}

is weak-* dense in B — the Gelfand spectrum of B. (A slight strengthening
of the above condition will be introduced in the Comment following Lemma

below.)

The utility of the almost extension property is exhibited by Lemma (3.2
below, in preparation of which we need the following simple fact.

Fact 3.1. Let w be a state on B C A with extension § € S(A), so that
Olp =w. If x,y € A and satisfy either

1. y*y € B and w(y*y) =0, or
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2. xx* € B and w(zxz*) =0,

then 0(zy) = 0.
In particular, if b € B satisfies 0 < b < 1 (in the unitized C*-algebra
B~) and w(b) =1, then

Vae A: 6(a) =0(ab) = 0(ba) = 0(bab).
Proof. Apply the Cauchy-Schwarz inequality for the sesquilinear form:
{ala") = 0(a*d).
The second statement follows from the first one applied with y =1 —56. [

Lemma 3.2 (compare to [I3, Lemma 6]). Let B C A be a non-degenerate
abelian C*-subalgebra with the almost extension property, and letE: A — B
be a conditional expectation. Then E is normalized by all n € N(B).

Comment. As noted in [I7], the almost extension property implies that at
most one conditional expectation E : A — B can exist. In the case such an
expectation does exist and the almost extension property holds, we say that
the inclusion B C A has the conditional almost extension property.

Proof of Lemma . Fix some normalizer n € N(B), and let us prove that
E(nan*) = nE(a)n*, (24)
for all a € A. Fix polynomials (ff) as in Fact |1.2(iii), so we have

E(nan*) = klirgo elirgo E(nn*nfi(n*n)afi(n*n)n*nn*). (25)

Likewise, and using also the fact that E is a conditional expectation, we also
have

nE(a)n* = lim lim nn*nfi(n*n)E(a)fi(n*n)n*nn* =
k—o00 £—00

= lim lim nE(n*nfi(n*n)afi(n*n)n*n)n*, (26)
k—o0 £—00

Inspecting and , we now see that it suffices to prove for elements
of the form a = n*ain; in other words, instead of , it suffices to prove

Vae A: E(nn*ann™) = nE(n*an)n*, (27)
As both sides of this equation belong to B, we only need show that
w(E(nn*ann™)) = w(nE(n*an)n™) (*)

forallwe Pi(BTA).
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Suppose that w(nn*) = 0. In this case, we have by Fact that both
sides of (*) are zero. Suppose that w(nn*) > 0 and define two states v, and
6, on A by

(wo E)(nn*ann*) w(nE(n*an)n*)

w(nn*)?

Yy(a) = and 60, (a) =

w(nn*)?
so (*) is equivalent to the equality v, = 6, (of states on A). Note that,
if b € B, then 9,(b) = 0,(b) = w(b), so that both states v, and 0, are

extensions of w € P;(B T A), so by uniqueness we have ¢, = 6, and (*) is
established. ]

In the context of the conditional almost extension property, Theorem [I.7]
has the following consequences.

Corollary 3.3. Let B C A be a non-degenerate abelian C*-subalgebra with
the conditional almost extension property, let E : A — B be its (unique)
conditional expectation, and let ¢ be a state on B.

(a) For a subset Ny C N(B) the following are equivalent:

(i) ¢ is No-invariant;
(ii) ¢ o is centralized by all elements of C*(B U Ng) C A;
(ii) the restriction (¢ o E)|c=(puny) is @ tracial state on C*(B U Np).

(b) In particular, if B is regqular, then ¢ o is a trace on A if and only ¢
s fully invariant. O

(Of course, statement (b) can be slightly relaxed, by requiring that ¢ is only
Ny-invariant for a subset Ny C N(B) which together with B generates A as
a C*-algebra.)

Comment. A natural class exhibiting the conditional almost extension prop-
erty are Cartan subalgebras, as defined by Renault in [24]. They are regular
non-degenerate inclusions B C A, in which

e B is mazximal abelian (masa) in A, and

e there exists a faithful conditional expectation E : A — B (which is
necessarily unique).

As pointed out for instance in [3], Cartan subalgebras do have the the con-
ditional almost extension property, but there are many examples of regular
non-degenerate abelian C*-subalgebra inclusions B C A with the condi-
tional almost extension property, which are non-Cartan. In fact, for étale
groupoids, the equivalent condition to the almost extension property is
topological principalness: the set of units u € GO with trivial isotropy
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G(u) is dense in G For topologically principal groupoids, both inclu-
sions Co(G) C C*,4(G) and Co(G®) C C*(G) have the conditional
almost extension property. However, since the (full) conditional expecta-
tion E : C*(G) — Co(G®) is not faithful in general, Co(G(?)) is generally
not Cartan in C*(G). On the other hand, since the (reduced) expectation
Ered : C%4(G) — Co(GO) is faithful, Cp(G() is Cartan in C* (G).

Up to this point, we have seen that for regular non-degenerate abelian
C*-subalgebras B C A with the conditional almost extension property,
Corollary b) provides us with an injective w*-continuous affine map

S™(B)3 ¢ — ¢poE € T(A), (28)

which is a right inverse of the restriction map ; in particular, it follows
that for such inclusions, the map is surjective.

Question. If B C A is a regular non-degenerate abelian C*-subalgebra with
the conditional almost extension property, under what additional circum-
stances is the map also surjective? (If this is the case, this would imply
that the restriction map is in fact an affine w*-homeomorphism.)

As the Example below suggests, even in the case of Cartan inclusions,
the map may fail to be surjective.

Example 3.4. Let B = C(D) C A = C(D) x4 Z = C*(C(D),u), where
« is rotation of D by an irrational multiple of 7 and w is the unitary that
implements the automorphism in the crossed product. Then B is a Cartan
subalgebra as can be directly verified. The conditional expectation is given
on the dense set of Laurent polynomials in u by

E(Z fnun) = fo.

(It is obvious that E(u™) = 0 for all n # 0.) As 0 is a fixed point under
the rotation «, we have that (evo(-)1,id) is a covariant representation of
(C(D), ) in C*(Z) = C(T), thus it induces a *-homomorphism p : A —
C(T). Any state ¥ on C(T) defines a state 1) op on A, which is clearly tracial
since C(T) is abelian and p is a *-homomorphism. A tracial state of this form
factors through E if and only if it maps {u"},, 0 to 0, so taking for instance
1 = ev, to be a point evaluation at z € T, then clearly (ev,op)(u) =z # 0,
so the trace 7 = ev, o p € T(A) does not belong to the range of the map

(28).

REMARK 3.5. In connection with the above example, the reason that the
map ¢ — ¢olE fails to be surjective is the fact that the state evg on C'(D) does
not have a unique extension to a state on C(D) x Z. Such an obstruction can
be avoided if we consider inclusions with the (honest) extension property,
which are those non-degenerate abelian C*-subalgebra inclusion B C A for
which every pure state on B has a unique extension to a state on A. As
shown in [I2] and [1], the extension property implies the following:

19



e B is maximal abelian;
e there exists a unique conditional expectation E : A — B

e kerE = [A, B] (the closed linear span of the set of elements of the form
ab—ba, a € A,b € B).

From the last two properties it follows immediately that any tracial state
7 € T(A) vanishes on ker E. Thus, any tracial state factors through E, and is
completely determined by its restriction to B. Since restrictions of the form
T| T € T(A) are always fully invariant, Corollary has the following
immediate consequence.

Corollary 3.6. If B C A is a regular abelian C*-subalgebra algebra inclu-
sion with the extension property, and E : A — B is its associated conditional
expectation, then the map

S™(B) 3 ¢ ¢poE € T(A)
is an affine w*-homeomorphism, with inverse T — T|p. ]

Example 3.7. For an étale groupoid G, the inclusions of Cy(G(?) into
either the full or reduced C*-algebra of G' have the extension property if
and only if G is principal: all units in G have trivial isotropy group. In
the case when G is a principal groupoid, the above combined with Theorem
(in both its reduced and full versions) establishes a bijection between
the set of totally balanced measures on G(°) and the tracial state spaces of
both C*(G) and C} (G). In particular, if I' is a discrete group acting freely
on X, then the tracial state spaces of both crossed-product C*-algebras
Co(X) x T and Cp(X) Xyeq I' are naturally identified with the I'-invariant
Radon probability measures on X.

The condition that the groupoid be principal (or for crossed products,
that the action be free) cannot be relaxed, especially in the non-amenable
case, as the following example shows. Let Fo — the free group on two gener-
ators — act on by translation on its Alexandrov compactification Fa U {oco}
(by keeping oo fixed), so that the associated action of Fy on ¢o(F3)™~ — the
unitization of c¢y(F2) — is given by ag(f + c1) = Ag(f) + c1, where X is the
left-shift action on co(Fz).

CLAIM. ¢o(F2)™ Xyeq Fo has a unique tracial state.

Note that any tracial state on this crossed product is determined by its
value on elements of the form fuy, where f € co(F2)~ and {ug}ser, are
unitary generators. The key step in proving the claim is then showing that
any tracial state 7 on ¢o(F2)™ Xpeq F2 we have

Vfec(F2)™, g#e: 7(fug) =0. (29)
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Applying [19, Prop.7.7.9] to the inclusion C1 C ¢y(F2)™, it follows that the
C*-subalgebra C*({ug}ger,) C co(F2)™ Xreq Fo is isomorphic to C) (Fa2),
so using Powers’ Theorem ([21]) it follows that C*({ug}4cF,) has a unique
tracial state. In particular, any tracial state on cy(F2)™ X eq Fo must vanish
on any u, with g # e. Since any f € co(F2)~ can be written as f =
O+ cl, where fO € ¢o(F2) and ¢ € C, it suffices to prove for functions
f € co(F2); in fact by density, it suffices to prove for f = 6, for some
h € Fy. But for functions of this form we have

7(fug) = T(f2ug) = 1(fugf) = T(fAg(flug) =0,

where the last equation follows from ay(dp) = d4,. Thus a tracial state 7 on
co(F2)™ Xyeq Fo is determined by its value on elements of the form f = fue,
[ €co(F2)™. If f € co(F2) and g € Fo, then 7(f) = 7(uyfuy) = 7(ay(f))-
Thus 7, viewed as coming from a measure on the discrete space Fo, must be
invariant under left shift. As Fs is infinite, it must be the case that T vanishes
on any f € ¢o(F2). So a tracial state on c¢o(F2)™ Xyeq Fa is determined by
its value on Cu,, and must therefore be given by T(Zg fqug) = fe(00), so
the Claim follows. By contrast, the full crossed product cyo(F2)™~ x Fy has
many tracial states, since it has the full C*-algebra C*(F2) as a quotient,
and in turn it will also have C(T?), as a quotient.

4. Graph C*-algebras

In this section we provide a method for parametrizing tracial state spaces
on graph C*-algebras. Our approach complements the treatment in [29] by
giving an explicit parametrization of the tracial state space of a graph C*-
algebra.

We caution the reader that this section is quite long, mostly because
of the extensive review of graph terminology. (Prior to Definition we
borrowed our material from [22]; the remainder of the review, ending with
Lemma [4.12]is borrowed from [I6] and [2].) Once two important abelian C*
subalgebras are identified (the diagonal and the abelian core), our analysis
will be based on applying the results from Sections 1 and 3.

A directed graph E = (E°, E*,r, s) consists of two countable sets E?, B!
as well as range and source maps r, s : E — E°. A vertex is reqular if r—*(v)
is finite and non-empty. A vertex which is not regular is called singular; a
singular vertex is either a source (r~!(v) = @) or an infinite receiver (r~!(v)
infinite).

A finite path in FE is a sequence A = ey ...e, of edges satisfying s(er) =
r(egsq) for k=1,...,n — 1. (Note that we are using the right-to-left con-
vention.) The length A = e;...e, is defined to be |A\| = n, and the set of
paths of length n in E is denoted by E™; the collection | J;- , E™ of all finite
paths in E is denoted E*. (The vertices E? are included in E* as the paths
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of length zero.) An infinite path in E is an infinite sequence ejes . .. of edges
in E satisfying s(ex) = r(eg+1) for all k; the set of these paths is denoted by
E>.If A\=¢;...e, is a finite path then we define its range () to be r(eq),
and its source s(A) to be s(e,). The range of an infinite path is defined the
same way. In order to avoid any confusion, for any vertex v € E?, and any
n € NU {oco}, the set {\ € E" : r(\) = v, |\| = n} will be denoted by
r~"(v).

If A is a finite path and v is a finite (or infinite) path with s(\) = r(v),
then we can concatenate the paths to form Av. Whenever a (finite or infinite)
path o can be decomposed as o = Av, we write A < o (or ¢ = \) and
we denote v by 0 © A. A cycle is a finite path A of positive length with
r(A) = s(\).

Given a cycle A = ey ...e, € E*, an entry to \ is an edge f € E!, with
r(f) =r(er) and f # e, for some k. If no entry to A exists, we say that A is
entry-less. It fairly easy to see that every entry-less cycle A can be written
uniquely as a repeated concatenation A = v, of a simple entry-less cycle
v, i.e. the number of vertices in v equals |v|.

An infinite path z is called periodic if there exist a, A € E*, with s(a) =
r(A) = s(\), such that x = a\*> (that is, = is obtained by following « and
then repeating the cycle A forever). If x = aA®°, and A\ has minimal length
among any cycle in such a decomposition, then the period of x is defined to
be |A| and is denoted per(z).

Definition 4.1. If B is a C*-algebra then a Cuntz-Krieger E-family in B
is a set {Se, Py}eept pepo, where the S, are partial isometries with mutually
orthogonal range projections and the P, are mutually orthogonal projections
which also satisfy:

(1) S:Se = Ps(e);
(11) SeS: < Pr(e);
(ili) if v is regular, then P, =%, . _, S.S¢.

The C*-subalgebra of B generated by {Se, Py }ccpt pepo is denoted C*(S, P).
The graph algebra C*(F) is the universal C*-algebra generated by a Cuntz-
Krieger E-family, C*(E) = C*(s,p), where {s.,p,} are the universal gener-
ators. For any Cuntz-Krieger E-family {Se, P,}ccpt yepo there is a unique
s-homomorphism 7gp : C*(E) — C*(S, P) satisfying g p(s.) = Se and
7T,S',P(pv) = P,.

For an E-family {S, P} and a finite path A = e ... e, in E*, there is an
associated partial isometry Sy = Se,Se, ... S, in C*(S,P). (If |A\] =0, so
A reduces to a vertex v € E°, then S\ = P,.) When specializing to C*(E),
we have partial isometries denoted s,, A € E*.

By construction, all s, € C*(E), A € E* are partial isometries: the
source projection of s, is s}sy, = py(); the range projection s,s} will be
denoted from now on by p,.
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As it turns out, one has the equality
C*(E) = span{s,sj; : o, B € £, s(a) = s(8)}. (30)

The products s,s} listed in the right-hand side of are referred to as the
spanning monomials, and the set of all these elements is denoted by G(E).
The equality is due to the fact that G(E)U{0} is a *-semigroup, which
is a consequence of the following product rule:

sas;‘j(ﬁe)\), ifA<pB
(5455)(5\8,) = Sapop Sy B <A (31)
0, otherwise

Since all projections p,, v € E? are mutually orthogonal, for any fi-
nite set V' C E°, the sum qy = Y _pey Py Will be again a projection, and
furthermore, the net (gy,)vep,, (o) forms an approximate unit for C*(E),
hereafter referred to as the canonical approximate unit. The x-subalgebra
Uveps, (50) 4 C* (E)gy, will be denoted by C*(E)fin.

Passing from a graph to a sub-graph does not always produce a mean-
ingful link between the associated C*-algebras. The best suited objects that
allow such links are the identified as follows: given some graph E, a subset
H c EY is called

e hereditary, if r(e) € H implies s(e) € H

e saturated, if whenever v € EV is regular and {s(e) : e € r~1(v)} C H,
it follows that v € H.

Any subset H C E° is contained in a minimal saturated set H called its
saturation, which is the union H = |JJ, Hg, where Hy = H and, for k > 1,

Hy=Hy 1 U{ve E": vregular and s(r(v)) C Hy_1}. (32)
Clearly, the saturation of a hereditary set is again hereditary. The main
point about considering such sets is the fact (see [22]) that, whenever H C
EV is saturated and hereditary, and we form the sub-graph

E\H=(E°< H,s"Y(E° < H),r,5),

then we have a natural surjective *-homomorphism pg : C*(E) — C*(E\
H), defined on the generators as

(p.) p,, ifve BV~ H; (s.) s,, if s(e) € E°~ H,;
= S =
PHPy 0, otherwise; PH e 0, otherwise.
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(A sub-graph of this form will be called canonical.) The ideal ker py is
simply the closed two-sided ideal generated by {p, }vem; alternatively, it is
also described as:

ker pyy = span{s,ss : o, B € E¥, s(a) = s(B) € H}.

The gauge action on C*(E) is the point-norm continuous group homo-
morphism v : T 3 z — v, € Aut(C*(E)), given on the generators by
Y:(ps) = pu, v € EY and v,(s¢) = 2s., e € E'. On the spanning monomials
listed above, the automorphisms ~,, z € T, act as 'yz(sasz) = z|a|_‘ﬂ|sa52.
The gauge invariant uniqueness theorem of an Huef and Raeburn (see [9])
states that, given some C*-algebra A equipped with a group homomor-
phism 0 : T 5 z — 6, € Aut(A), and a gauge invariant *-homomorphism
m : C*(E) — A (that is, such that 6, (7(z)) = 7 (1:(x)), Yz € C*(E),
z € T), the condition that 7 is injective is equivalent to the condition that
7(p,) # 0, for all v € E°.

There are two distinguished abelian C*-subalgebras of C*(E) which we
use to define states on C*(E), the first of which is defined as follows.

Definition 4.2. Let E be a directed graph. Then the diagonal D C C*(E)
is the C*-subalgebra of C*(E) generated by the set Gp(E) = {p, }acr~. (We
sometimes use the notation D(FE), when specifying the graph is necessary.)

REMARK 4.3. As it turns out, Gp(F) U {0} is an abelian semigroup of
projections; more specifically, by , the product rule for Gp(F) is:

Doy B <«
PaPp =PpPa = { Pg: ifa =P (33)
0, otherwise

Using the semigroup property, it follows that we can in fact present D(E) =
span Gp(E). We can also write D(E) = [, cpo D(E)p,| ~, with each sum-
mand presented as

D(E)p, =span{p, : a« € E*, p, < p,} =span{p, : o € E*, r(a) = v}.

As it turns out, each corner D(E)p,, is in fact a unital abelian AF-subalgebra,
with unit p,, so D itself is an abelian AF-algebra, which contains the canon-
ical approximate unit (qy)vepg, (£0)-

—

As explained for instance in [I6], the Gelfand spectrum D(E) of the
diagonal C*-subalgebra D(F) can be identified with the set

ES® = E* U {z € E* : s(x) is singular }

with evaluation maps defined by evP(p,) = 1 if @ < =, and 0 otherwise.
In other words, for each a € E*, when we view p, € D(FE) as a continuous
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function on D(E) ~ E<>, this function will be the indicator function of the
compact-open set Z(a) = {x € ES*® : o < x}. Furthermore, the sets Z(a),

a € E* form a basis for the topology, so clearly D/(E) is a totally discon-
nected. When identifying D(E) ~ Cy(D(E)), the algebraic sum (without
closure!) D(E)fn = >, cpo D(E)p, gets naturally identified with C.(D(E)),
the algebra of continuous functions with compact support.

REMARK 4.4. Cylinder sets can be used to analyze path (in)comparability.
To be more precise, given two paths, a, 8 € E*, the following statements
hold.

I. (Comparability Rule) The inequality a < 3 is equivalent to the reverse
inclusion Z(a) D Z(B).

II. (Orthogonality Rule) Conditions (i)-(iv) below are equivalent:

(i) s* oS5 =0;
(i)
)
)

the projections p, and pg are orthogonal, i.e. Paps = 0;

(iii) « and B are incomparable, i.e. o 4 5 and B 4 «;

Z()NZ(P) = 2.

REMARK 4.5. Among all paths z € E<*, the ones of i/ntc;rest to us will
be those that represent isolated points in the spectrum D(FE). On the one
hand, if £ has sources (i.e. vertices v € E? with r~!(v) = @), then all
finite paths that start at sources are determine isolated points in D/(E\) On
the other h/arid, the infinite paths = = ejeq--- € E*° that produce isolated
points in D(FE) are precisely those with the property that there exists k
such that 7=1(r(e,)) = {en}, for all n > k. If this is the case, if we form
a = ejey...ep_1, then {x} = Z(a). Among those paths, the periodic ones
will play an important role in our discussion.

(iv

Definition 4.6. A finite path a = ejes...e, € E* (possibly of length zero)
is called a ray if there is a a simple entry-less cycle v, such that s(a) = s(v),
and furthermore, no edge e from « is appears in v. (Note: In [I6], rays
were called distinguished paths.) In this case, the cycle v (which is uniquely
determined by «) is referred to as the seed of a. We caution the reader that
zero-length rays are permitted: they are what we will call cyclic vertices.
For reasons explained in the second paragraph below, the (possibly empty)
set of all rays in F will be denoted by EJ}.

By definition, any two distinct rays ay # ao are incomparable, so by the
Orthogonality Rule (Remark. they satisfy: s}, 5., = 85,54, = 0.

Clearly, rays parametrize the set Ef¥ of infinite periodic paths that yield
isolated points in 5(5): any such path can be uniquely presented as x =
av®™, with « ray and v the seed of «, and its period (as a function from N

25



to E') is per(z) = |v|. When it would be necessary to emphasize the sole
dependence on «, we also denote the infinite path ar® simply by &,. When

-

we collect the corresponding points in D(E), we obtain a countable open set

e

Yp = {evl : 2 € EX} C D(E).

REMARK 4.7. Associated with the space ES> we have the path represen-
tation Tpatn @ C*(E) — B({*(E=*)) given on generators by (see [22] for
details):

dex  1T(x) = 5(€)
0 otherwise;

0y 1(x)="0

0 otherwise.

Wpath(se>5r = { '/Tpath(pv)(sa: = {

In general, mpan is not faithful; however, it is always faithful on the diagonal
subalgebra D(E). This embedding gives us a explicit form of the identifi-
cation 17(E\) = E=% as follows: for # € E<*, the associated character on
D(E) is simply ev?(a) = (84| mpatn(a)dz).

For future use, we denote the subalgebras mpath (D(E)) and mpaen (C*(E))
of B({?(E=>)) by Dpatn(E) and Apatn(E), respectively.
Notation. As shown in [16, Prop. 3.1], a spanning monomial b = SaSj €
C*(E) is normal (i.e. it satisfies the equality bb* = b*b), if and only if one
of the following holds:

(a) o= p,s0b=s,s; € Gp(E);
(b) a < B and B © « is an entry-less cycle;
(¢) B <« and a© (8 is an entry-less cycle.
The set of all such monomials is denoted by Gaq(E).

Definition 4.8. The abelian core M(FE) is the C*-subalgebra of C*(E)
generated by G (E).

Notations. If b € Gp(E) ~ Gp(E) (i.e. b is of either type (b) or (¢) above),
then b is a normal partial isometry, so its adjoint b* also acts as its pseudo-
inverse. For this reason, we will denote b* simply by b—!. More generally, we
will allow arbitrary negative integer exponents, by letting 6~ be an alter-
native notation for 6*™. We will also allow zero exponents, by agreeing that
b0 = bb* = b*b, a monomial which in fact belongs to Gp(FE). (Equivalently,
for any b € Gpm(F) ~ Gp(E), the C*-subalgebra C*(b) C C*(E) generated
by b is a unital abelian C*-algebra, and b is a unitary element in C*(b).)

REMARK 4.9. In general, for a monomial b € Gy(E) \ Gp(E), there might
be multiple ways to present it as s,s%, with o and 3 as in (b) or (c) above,
but after careful inspection, one can show that b can be uniquely presented
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as b = s, s0'sh = (s,5,55)", where a € E* is a ray with seed v and m is

some non-zero integer, so if we let

ba =35 s s* (34)

a“v-o

(recall that v is uniquely determined by «), then we can present
GMm(E) N Gp(E) ={b} : o ray, m non-zero integer}.

Clearly, using our exponent conventions, Gay(E) ~ Gp(E) is closed under
taking adjoints, because (b')* = b;™. As it turns out, Gap(E) U {0} is an
abelian x-semigroup; besides the product rules for Gp(F), the remain-
ing rules which involve the monomials in Gap(E) ~ Gp(E) are:

b =p,, for all rays a; (35)
by, if B < &a
bm _ bm — o) 36
aPg = Pgla {(), otherwise ( )
pmatme - if a1 = Q2
prape = pmepm = Ve 37
a1 Yag az Taq {O, otherwise ( )

By the above -semigroup property, M(E) C C*(FE) is an abelian C*-
subalgebra which contains D(F), and it can also be described as M(FE) =
span Gaq(E). Furthermore, the images of D(E) and M(FE) under the path
representation agree; that is, mpath(M(E)) = Dpaen(E). In general, M(E)
is much larger than D(FE); in fact, M(E) = D(FE)’, the commutant of D(E)
in C*(E).

As was the case with the diagonal, we have M(E) = [}, cp0 M(E)p,] ,
with the summand M(E)p, now presented as

span ({0} : m € Z, a € E},, r(a) =v}U{p, : a € E*, r(a) =v}),

so0, upon identifying M(FE) ~ Cj (/\7(\E)), the (non-norm-closed) algebraic

sum M(E)gn = Y, cpo M(E)p, is naturally identified with C, (/\7(\]5)), the
algebra of continuous functions with compact support.

Definition 4.10. (Twisted path representation.) With the notation as
above, define the twisted representation © : C*(E) — C(T, Apan(E)) by

O(a)(z) = mpatn(12(a)) 2z € T,a € C*(E).
For any pair (z,2) € T x E<*®, we define the state w,, on C*(E) by

Wz,x(a) = (0:]10(a)(2)0z).
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REMARK 4.11. As mpaen is injective on D(E), the gauge-invariant uniqueness
theorem implies that © is injective. (The gauge action on the codomain is
by translation: (A,(f))(w) = f(27'w).) In particular, © yields an injection
of M(E) into C(T, Dpatn(E)). Therefore the spectrum of M(E) can be
recovered as a quotient of the spectrum of C(T, Dpan(E)) (that is, T x
E<>), by the natural equivalence relation implemented by ©. Specifically,
if (z,2) € T x E<*, then the restriction w; | () is a pure state on M(E).
The equivalence relation ~ on T x E<% is simply given by:

(szl) ~ (ZQa x2) g wzwu’M(E) = w22,w2‘M(E)- (38)

Since the restrictions of these states on the diagonal act as w, |pg) = ev?,
it is fairly obvious that (z1,21) ~ (z2,22) implies 1 = x3. The precise
description of the equivalence classes (z,2)~ = {(z1,71) € T x ES®
(z1,21) ~ (z,2)} goes as follows.

(2 2) = 2Uper(z) X {2}, %f x € E%O (39)
T x {z}, if v € ES*° N EY

(For any integer n > 1, the symbol U,, denotes the group of n'® roots of
unity.)

Lemma 4.12. Let F be a directed graph.

(i) When we equip the quotient space T x E<*°/ ~ with the quotient topol-
0gy, the map (2, )~ > w.z|rm(p) i a homeomorphism of onto the
spectrum of M(E).

(ii) For every ray «, if we regard p, as a continuous function on /q(\E),
then p, s the characteristic function of a compact-open subset T,
which is homeomorphic to T. Specifically, if v is the seed of «, and
x = av™® € EY is the associated periodic path, then To = {(2, %)~} zeT
and the map T/U},| > 2U), = (z,7)~ € Ty is a homeomorphism.
Alternatively, Ty is naturally identified with the spectrum — computed
in the unital C*-algebra C*(by) — of the normal partial isometry b, =
S0S,50-

(iii) The compact-open sets (Tq)ackx are mutually disjoint. When we
consider Qp = UaeE,*P T., and fir a positive Radon measure p on

—

M(E) with corresponding positive linear functional ¢, on M(E)g, =

—

C.(M(E)), then
/Q fdp=S" 6(fpa) (40)

for all f € M(E)gin = Co(M(E)). ]
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Proof. Parts (i) and (ii) are established in [16] and [2]. For part (iii) we
only need to justify the first statement, because the rest follows from the
Lebesgue dominated convergence theorem. This follows immediately from
the observation that any two distinct rays a1, ao are incomparable, so by
the projections p,, and p,, are orthogonal, thus the sets {Tq}a ray
form a countable disjoint compact-open cover of Qp. O

REMARK 4.13. Both D(E) and M(E) are abelian regular C*-subalgebras
in C*(E), since all generators p,, v € E and s,, e € E', normalize both
of them. It is shown in [16] that M(E) is in fact a Cartan subalgebra of
C*(E), with its (unique) conditional expectation acting on generators as

$a55, if 5485 € GMm(E)

. (41)
0, otherwise

EM(SQSE) - {

Within this framework, Theorem [I.7] has the following consequence.

Corollary 4.14. For a state ¢ on M(E), the following conditions are equiv-
alent:

(i) ¢ is s.-invariant for all e € E*.
(ii) ¢ is fully invariant.

(iii) The composition ¢ o Epnq is a tracial state on C*(E). O

REMARK 4.15. In general, D(E) is not Cartan, and there may exist more
than one conditional expectation onto it. One expectation — hereafter re-
ferred to as the Haar expectation — always exists, defined as

1%@=A%EM@MM@=AEM%@MMA

(Here m denotes the normalized Lebesgue measure on T; the second equality
follows from (41f), which clearly implies that Ea is gauge invariant.) The
Haar expectation acts on the spanning monomials as:

1%@ﬁ®:{%’ﬁa:B (42)

0, otherwise

Since the integration map [17.(a)dm(z) is always a faithful positive map,
it follows that Ep is faithful.

Using formulas it is easy to see that Ep is also normalized by all
Py, v € EY and s,, s¥, e € B, so we also have the following analogue of

e’
Corollary
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Corollary 4.16. For a state 1) on D(E), the following conditions are equiv-
alent:

(i) ¢ is s.-invariant for all e € E*.
(ii) & is fully invariant. O

(111) The composition 1 o Ep is a tracial state on C*(E).

REMARK 4.17. Either using Corollary or directly from the definition,
it follows that any fully invariant state ¢ on D(FE) satisfies

Vae E": §(pa) = ¥(Dy(a))- (43)

In particular, a fully invariant state on D(E) is completely determined by
its values on the projections p,, v € E°.

Definition 4.18. Let E be a directed graph. A graph trace on E is a
function g : E% — [0, 00) such that:

(a) for any v € E°, g(v) > 3., ()=, 9(5(€));
(B) for any regular v, we have equality in (A).

Note that, for any graph trace g, its null space N, = {v € EY : g(v) = 0} is
a saturated hereditary set.

Depending on the quantity [|g|l1 = Y ,cpo 9(v), a graph trace g is de-
clared finite, if ||g||1 < oo, or infinite, otherwise.

We denote the set of all graph traces on E by T'(E), and the set of finite
graph traces on F by Tx,(E). Lastly, we define the set T4 (E) = {g € T(E) :
llglli = 1}, the elements of which are termed normalized graph traces.

Theorem 4.19. A map g : E° — [0,00) is a graph trace on E, if and only
if, every finite tuple = = (§;, \;)ie; C R x E* satisfies

Zie] 5@'29)\1. >0 = Zie] &ig(s(Ai)) > 0. (44)

Proof. To prove the “if” implication, assume ¢ satisfies condition and
let us verify conditions (A) and (B) from Definition To check condition
(A), start off by fixing some v € E°, and notice that, since for every finite
set ' C r~*(v), we have p, > > . pp, (by the Cuntz-Krieger relations),
then by (44), it follows that g(v) > .. pg(s(e)); this clearly implies the
inequality g(v) = > .c,~1(,) 9(s(€)). In order to check (B), simply notice
that, if v is regular (so 7~!(v) is both finite and non-empty), the by the
Cuntz-Krieger relations, we have an equality p, = > ecr—1(v) Pe> 8O applying
both ways (writing the equality as two inequalities), we clearly get

9(W) =X cer—1(0) 9(s(€))-
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To prove the “only if 7 implication, we fix a graph trace g and we prove
the implication . As a matter of terminology, if a tuple = satisfies the
inequality

2ier&ipy, 2 0, (45)
we will call 2 admissible. Our proof will use induction on the number () =
1+ 2 e [l

If () =1, then |I| = 1, thus I is a singleton {ip} and \;, is a path of
length 0, i.e. a vertex v € E?; in this case, is same as the implication
“¢p, > 0= Eg(v) > 0,” which is trivial, since g takes non-negative values.

Assume holds whenever (Z) < N, for some N > 1, and show that
holds when (2) = N. Fix an admissible tuple £ with (E) = N (so (45)
is satisfied), and let us prove the inequality

> ier§i9(s(Xi)) =0, (46)

If we consider the set W = {r(\;) : ¢ € I}, then we can split (disjointly)
I = Uyew Lv, where I, = {i : 7(\;) = v} and we will have

Eie[ fjg(s()\i)) = zvew Zie]v §ig(s(Mi)),

with each tuple =, = (&, \i)ies, admissible. (This is obtained by multi-
plying the inequality by p,; since all calculations take place in abelian
C*-subalgebra D(F), the product pU(ZiEI §ip)\i) = 2 icl, §ip,, is indeed
positive.) In the case when W has at least two vertices, we have (Z,) < (E),
Vv € W, so the inductive hypothesis can be used, and the desired conclusion
follows.

Based on the above argument, for the remainder of the proof we can
assume that W is a singleton, so we have a vertex v € E°, such that r()\;) =
v,Vi €l Split I = 1°UT", where I°=1{i€ I :|\|=0}and It ={ic
I : |\;] > 0}. Since W is a singleton, the set I consists of all I for which
Xi = v. The case when IT™ = @ is trivial, because that would mean that
all A\; will be equal to v, so for the remainder of the proof we are going to
assume that I™ # @. With this set-up the hypothesis reads

(Xiero &i)pv + Xics+ &ipy, =0, (47)
and the desired conclusion reads:
(Yier &) g(v) + Xicr+ Cig(s(Ai) > 0. (48)

(In the case when 1Y = &, we let Y. ;0 & = 0.)

Since I'" is non-empty (and finite), we can find a finite non-empty set
F C E' which allows us to split /T as a disjoint union of non-empty sets
It = U.ep Le, where I, = {i € I : A\; = e}. Using the Cuntz-Krieger
relations, it follows that the element ¢ = > _ps.s; € D is a projection
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satisfying ¢ < p,, so the difference ¢ = pv — ¢ is also a (possibly zero)
projection. In either case, it follows that ¢'s Ay =0, Viel *, so when we
multiply (47] . ) by ¢’ we obtain:

(Xier&i)d > 0. (49)

Likewise multiplying by each s, s} we obtain

(Zielo gi)sesz + Zie]e fjs)\isii >0,

so if we multiply on the left by s} and on the right by s,, we obtain:
(Xier&i)p, () T 2icr, &iSx0e500e = 0- (50)

For each e € F, we can form the tuple Z, = (&;, S\i)iefoule by letting

5 - s(e), ifiel
Ul Noe, ifjel

and then shows that all =, are admissible. Since we obviously have
(Z,) < <E> by the inductive hypothesis we obtain ( ;.0 &;)g(s(e)) +
> icr §ig(s(Ai © e)) > 0, which combined with the obvious equality s(\; ©
e) = s(\;) yields:

(Zicr&)als(e) + Xies, &9(s(Ni)) = 0. (51)

We we sum all these inequalities (over e € E), we obtain:

(Cier0 &) (Xeer a(s(e))) + Xier+ €ig(s(A) = 0. (52)

Comparing this inequality with the desired conclusion , we see that it
suffices to show that

( > e {z)g(v) > ( > iero &) ( D ecF g(s(e))). (53)

The case when I° = @ is trivial, since both sides will equal zero, so for
the remainder, we can assume [0 # @. In the case when ¢ = 0, that
is, when p, = > cps.s5, it follows that v is regular and F' = r —1(v),
so by condition (ii) in the graph trace definition, it follows that g(v) =
> ecr 9(s(e)) and again becomes an equality. Lastly, in the case when
q' # 0, we use condition (i) in the graph trace definition, which yields g(v) >
> ecr 9(s(e)); this means that desired inequality would follow once we prove
that ) ..;0& > 0, an inequality which is now (under the assumption that
¢’ is a non-zero projection) a consequence of . [

In preparation Proposition below, which contains two easy applica-
tions of Theorem [.19] we introduce the following terminology.

32



Definition 4.20. A vertex v € E° is said to be essentially left infinite, if
there exists an infinite set X C E* of mutually incomparable paths such
that s(a) = v for all a € X.

REMARK 4.21. One particular class of essentially left infinite vertices are
those that emit entries into cycles, i.e. vertices v that have some path
a = ejey. .. ey of positive length, with s(a) = v, such that e; is an entry
to a cycle. Indeed, if e; enters a cycle v, then all paths v"a, n € N, are
mutually incomparable.

Another class of essentially left infinite vertices are those that emit paths
to infinitely many vertices. (In [30], such vertices are called left infinite.)

The following result generalizes [I8, Lemma 3.3(i)] and part of the proof
of [30, Theorem 3.2].

Proposition 4.22. Let E be a directed graph, g be a graph trace on E,
and v € E° be some verter. Assume either one of the hypotheses below is
satisfied

(a) v emits an entry to a cycle; or
(b) g is finite and v is essentially left infinite.
Then g(v) = 0.

Proof. The main ingredient in the proof is the observation that, for any finite
set F' of mutually incomparable paths starting at v, one has the inequality

Y. glw) 2 |F|-g(v). (54)

wer(F)

Indeed, if we list F" as {a1,...,a,} (with all o’s distinct, i.e. n = |F|), then
by mutual incomparability, we have the inequalit Doy = D i Poyes
aI}id then follows imrilfediately from Theoremyél:“ger(m ’ ZJ H
By assumption, in either case, we can find an infinite set Y C E* of mutu-
ally incomparable paths starting at v, such that the sum M = ZMET(Y) g(w)
is finite. (In case (a), as seen in the preceding remark, we can ensure that
r(Y) is a singleton; case (b) is trivial, by finiteness of g.) The desired con-
clusion now follows immediately from (54)), which implies M > n - g(v) for
arbitrarily large n. O

Comment. As we will see shortly, graph traces on E correspond to cer-
tain maps on the “compactly supported” diagonal subalgebra D(E)g, =
UVePﬁn (E°) D(E)qy,, which will eventually yield tracial positive functionals
on the dense x-subalgebra C*(E)s, C C*(F). Although neither D(E)gy,
nor M(E)gy, nor C*(E)gy, are C*-algebras, they are nevertheless unions
of increasing nets of unital C*-algebras: D(E)in = Uyep,,(s0) P(E)qy,
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M(B)sn = Uyepy, 59 M(B)ay, and C*(E)in = Uy ep,, 59 2y C* (B)ay-
(Recall that, for any finite subset V' C EY, the projection qy, is defined
to be > <y p,.) It is clear that the conditional expectations Ex¢ and Ep
map C*(E)gn onto M(E)g, and D(E)gy, respectively, so Corollaries [4.14]
and have suitable statements applicable to C*(F)g,, with the word
“state” replaced by “positive linear functional.” By definition, positivity
for linear functionals defined on each one of these x-algebras is equivalent
to the positivity of their restrictions to each of the cut-off algﬁb&s cor-
responding to V € Pg,(E®). Upon identifying D(E)g, = C.(D(E)) and
M(E)g, = CC(@), the positive cones D(E){ and M(E){ correspond
precisely to the non-negative continuous compactly supported functions.

With this set-up in mind, Theorem has the following consequence.

Theorem 4.23. For any graph trace g on E, there exists a unique positive
linear functional n = ng : D(E)an — C, such that

1n9(Py) = 9(s(X)), VA€ E". (55)

When restricted to the unital C*-algebras D(E)q,,, V € Pan(EC), the positive
linear functionals 1y, g € T(E), have norms:

Hﬁglp(E)qv H =) glv).

veV

In particular, for g € T(E), the functional ng is norm-continuous, if and
only if g is finite, and in this case, one has ||ng|| = ||g]1-

Proof. Let A be the complex span of {py}rcp+, and let Ay, be its Hermitean
part, which is the same as the real span of {p)}rcp«. An application of
Theorem shows that there is a unique R-linear functional 0 : A, — R
with 6(py) = g(s(\)) for all A € E*. If we fix V € Pg,(E) and z € Apqy,
another application of Theorem [£.19|to the inequality —||z||qv < z < ||z||qv
shows that |0(x)| < 0(qv)||x||. Thus for each V € Pg,(EY), there is a unique
C-linear hermitean functional ny : D(E)qy — C with ||nv]|| = nv(gqv), so
that 7y is in fact positive with norm equal to }, .y, g(v). Clearly if V.C W
are both finite subsets of E°, then nwlp(E)qy = nv; thus, by density, there
exists a unique positive linear functional 7, defined on all of D(F) such that
Nglp(E)gy =nv iV € Pan(E°).

]

Comment. As a x-subalgebra in C*(E)g,, both D(E)g, and M(FE)g, are
non-degenerate (since they both contain {gy }vep,, (r), as well as regular,
because they are normalized by all s,, e € E' and all p,, v € E°. Given
a positive linear functional 7 on either one of these algebras, it then makes
sense to define what it means for it to be s -invariant.
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REMARK 4.24. The map g — 1), establishes a affine bijective correspon-
dence between T'(E) and the space of positive linear functionals on D(E)gqy,
that are s.-invariant for all e € E'. The inverse of this correspondence is
obtained as follows. Given a linear positive functional # on D(FE)g, which
is s -invariant, for all e € E', the associated graph trace is simply the map

¢ E°s v 0(p,) € 0,00). (56)

REMARK 4.25. In [14], a groupoid model is exhibited for graph C*-algebras,
so that to any directed graph E one associates an étale groupoid Gg such
that C*(Gg) = C*(E). Furthermore, this construction identifies the diago-
nal D with Cg(Gg)), where the unit space G%o) is naturally identified with
E<%_ Thus, the correspondence g — ng of the previous remark gives rise,
with the help of Riesz’s theorem, to correspondence g — g, associating to
each graph trace g € T'(E) a totally balanced positive Radon measure p4 on
G\ = g,

When we specialize to the case of interest to us, Theorem yields the
following statement.

Theorem 4.26. For any normalized graph trace g, there exists a unique
state g € S(D(E)) satisfying

Yg(py) = 9(s(A)), VA€ E”. (57)

All states g, g € T1(E) are fully invariant, and furthermore, the correspon-
dence

Ti(E) 3 g = g € S™(D(E)) (58)
is an affine bijection, which has as its inverse the correspondence

S™(D(E)) 30— ¢ € T1(F) (59)
defined as in . ]

Comment. The reader who is familiar with [28] can see that our approach
is lengthier than the one in that paper. However, we do not require any
K-theory computations (or the related results on states on K, lower semi-
continuous dimensions functions, quasitraces, etc.); our approach is purely
constructive.

Comment. Using Corollary it follows that for any g € Ti(FE), the
composition x4, = 14 0 Ep defines a tracial state on C*(E); this way we
obtain an injective correspondence

T\(E) 3 g — xg € T(C"(E)). (60)
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Of course, any tracial state 7 € T'(C*(F)) becomes invariant, when restricted
to D(FE), so using we obtain a correspondence

T(C*(E)) > T —> ¢" € Ty(E). (61)

Theorem shows that this map is surjective, because the correspondence
is clearly an affine right inverse for . The surjectivity of is also
proved in [28], by completely different means. In general, the map ([60) may
fail to be surjective (equivalently, the map my fail to be injective). This
will be clarified in Theorem [£.42] below.

REMARK 4.27. Using formulas , given a normalized graph trace g €
T1(E), the associated tracial state x4 = 14 o Ep — hereafter referred to as
the Haar trace induced by g — acts on the spanning monomials as:

9(s(@)), ifa=p

X9<3a32) = {O (62)

otherwise

Among other things, the above formulas prove that x, is in fact gauge in-
variant, i.e. g 7. = X4, for all z € T.

Conversely, every gauge invariant tracial state 7 € T'(C*(E)) arises this
way. Indeed, if 7 is such a trace, then by gauge invariance it follows that,
whenever «, 8 € E* are such that [a| # 3], we must have 7(s,s%) = 0;
furthermore, if |a| = |B], then

7(0) = 0, if o #

r(s8h) = 7(535) = { )

7(s a):T(pS(a)), otherwise

so in all cases we get T(s,5%5) = Xg7(5455)-
To summarize:

e the range of the injective correspondence is the set T(C*(E))" of
gauge invariant tracial states;

e when restricting the correpondence to T(C*(E))T, one obtains an
affine isomorphism

T(C*E)N 37 +— ¢ € T1(E). (63)

When searching for an analogue of Theorem with D(F) replaced
by M(E), it is obvious that the space T(E) is not sufficient, so additional
structure needs to be added to it.

Definition 4.28. The cyclic support of a function g : EY 5 C is defined to
be the set
suppg = {v € E°: veE° cyclic, g(v) # 0}.
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(Recall that a cyclic vertex v is one visited by a simple entry-less cycle.
Equivalently, v is a ray of length zero.) A cyclically tagged graph trace
consists of a pair (g, ), where g is a graph trace and a map u : supp®g >
v —> iy € Prob(T) — hereafter referred to as the tag. Note that our
definition includes the possibility of an empty tag in the case when supp®g =
&. (More on this in Theorem below.) The space of all such pairs will
be denoted by T°"(E). The adjective “finite,” “infinite,” or “normalized,”
is attached to (g, ) precisely when it applies to g.

Using this terminology, one has the following extension of Theorem
(Recall that, if v is the seed of the ray «, then b, is the normal partial
isometry s,s,s%.) The structure of the proof is as follows: we fix a cyclically
tagged graph trace and, roughly speaking, build part of the corresponding
functional for each ray a. We then sum over these to obtain a functional
0 on Mgy (F) which satisfies some, but not all, of our desired invariance
properties. We augment this functional with the “graph-trace” part by use
of the conditional expectation onto the diagonal, represented as a measure v

—

on M(E). Suitably combining 6 with the functional represented by v gives
us the desired functional on M(E).

Theorem 4.29. For any cyclically tagged graph trace (g,u) on E, there
exists a unique positive linear functional 1 = 7y ) * M(E)an — C, such
that

(i) (g, (Py) = g(s(A)), for every finite path \ € E*;

(ii) for any ray a and any integer m # 0,

77(9#)( o) 0, otherwise

{g(s(a)) Jp 2™ dpsoy (2), if g(s(a)) £ 0,

When restricted to the unital C*-algebras M(E)qy,, V € Pun(E®), the posi-
tive linear functionals 7y .), (9, ) € T°"(E), have norms:

ﬁ(g,u)|M(E)qu = g).

veV

In particular, for any (g, ) € T“"(E), the functional 74,y is norm-bounded
if and only if g is finite, and in this case, one has ||n .l = llgll1-

Proof. Assume (g,pu) € T"(E) is fixed throughout the entire proof. Fix
for the moment a ray a with g(s(a)) # 0, and consider the C*-subalgebra
C*(bo) C M(E). As pointed out in Lemma using the fact that the
projection b2 = p, is the characteristic function of the compact-open set
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o —

T, C M(E), we have of course the equality M(E)p, = C*(b,), so using
the surjective *-homomorphism

7o : M(E) 3 a— ap,, € C*(b,) — C(T),
we can define a state w, on M(FE) by
nla) = [ 7a(a) disg
Specifically, if we write the compression ap,, as a f(b,), for some f € C(T),

then wq (a) = [; f(2) ditg(a)(2). Using the product rules (33), and (37),

it follows that on the generator set G oq(E), the state w, acts as

1, if A <&y m 2Mdpgan(z), if o =
wa(pA) = { wa(bal) — {fT ( )( ) 1

0, otherwise; 0, otherwise.
(64)
Define now the functional 6 : M(E)g, — C by
0a)= Y g(s(@))wala), a € M(E)gn. (65)
acEs
g(s(a))#0

Concerning the point-wise convergence of the sum in , as well as its
positivity, they are a consequence of the following fact.

CLAIM. For any vertez v € E°, one has the inequality

In particular, the sum

0y = Z g(S(@))Wa’M(E)pU (67)

ackEy,
r(a)=v

is a norm-convergent sum, thus 6, is a positive linear functional on M(E)p
with norm

v

6ol =Y g(s(a)). (68)

acky
r(a)=v

The inequality follows from the observation that, for any finite
set I’ of rays with range v, the projections {p,}acr satisfy the inequal-

ity > qerPa < Dy, which by Theorem implies Y cpg(s(a)) < g(v).
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The equality is now clear from the positivity of 8,, which combined
with yields:

16u]l = 0u(p,) = D gls(@)walp,) = Y g(s(a)).

acEf, acEf
r(a)=v r(a)=v

Using the Claim, we see that 6 given in (65) is indeed correctly defined,
positive and it can alternatively be presented as 6(a) = Y o 0,(a) (a sum
which has only finitely many non-zero terms for each a € M(FE)g,). By
construction, 6 acts on the generator set Ga((E) as:

0(py) = D 9(s(a)), AeE" (69)

ackEr
A=€a
H(bm) _ g(S(a)) f'ﬁ‘ z™ dlu’s(a) (Z)v if a € EI*P and g(S(a)) 7& 0 (70)
“ 0, otherwise

Next we consider the positive linear functional 7y : D(E)gs, — C associated
to g, as constructed in Theorem and the linear positive functional
ng o Ep : M(E)an — C. (Here we use the fact that Ep maps C*(E)gn
onto D(FE)g,.) Using Riesz” Theorem, there is a positive Radon measure
v on /q(\E), such that ny (Ep(f)) = fm)fdv, for all f € C’C(/q(\E)) =
M(E)qy. Using this measure, we now define the desired positive linear

functional 77 on CC(/W(\E)) = M(E)gy, by:

A(f) = 0(f) + /m) fdu=

=0(f) +ng Ep(f) = > 19 (Ep(fp,)) = (71)
acbEy,

=0(f) +1g Bp(f) — > ng (Bp(f)pa) - (72)
acbEy

(The equality follows from Lemma )
To check condition (i), start with some A € E* and observe that, for all

rays «, we have the equalities

D = Doy A =<E,
Al 0, otherwise

which by imply that

> g En(papa)) = D mg(pa) = Y g(s(a)) = 6(py),

acE; aEE} aEEy
A=< A=<
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so by we obtain the desired property

(px) = ng(px) = g(s(N)).

In order to check condition (ii), we simply verify that, for any ray « and
any integer m, we have the equality

n(be") = 0(b3")- (73)

The case when m = 0 we have b2 = p,, so by condition (i) and , we
have 7(b2) = 7(p,) = g(s(a)) = 0(bY). In the case when m # 0, we notice
that since Ep vanishes on G(E ) \ Gp(E) — by ([@2) — we have Ep(b7") = 0,
and then is trivial using (|7 .

The remaining statements in the Theorem (including the uniqueness of 77)
are pretty clear, since any positive linear functional 7 satisfying conditions
(i) and (ii) must satisfy 7|p(g),, = 7, from which the continuity of the
restrictions 7] M(B)qy, follows immediately. O

One aspect not addressed so far is invariance of the states 7. For this
purpose, the following definition is well-suited.

Definition 4.30. T'wo cyclic vertices are said to be equivalent if they are
visited by the same entry-less cycle. A cyclically tagged graph trace (g, i)
is said to be consistent if p, = p,, whenever v and w are equivalent. (Note
that if two cyclic vertices v, w are equivalent, then g(v) = g(w).) The space
of all consistent cyclically tagged traces on E is denoted by T°"(E). As
agreed earlier, the adjective “finite,” “infinite,” or “normalized,” is attached
to an element (g, 1) € T°°T(E), precisely when it applies to g. In particular,
the space of normalized consistent cyclically tagged graph traces on F is
denoted by TY°T(E).

Proposition 4.31. A cyclically tagged gmph trace (g, i) is consistent if and
only if the associated positive functional 7y ,y + M(E)sn — C constructed
in Theorem s s -tnvariant for all e € E

Proof. Assume (g, 1) is consistent, and let us show the invariance of 7, ),
which amounts to checking, that for each e € E', we have:

(i) 7ig0) (5ePASE) = Ti(gyn) (PeDr), VA € E¥;
(ii) (g, (scb'ss) = (gu (Pebe), YV € By, m € Z.

Property (i) is obvious, since 7, .y agrees with the s -invariant functional 7,
on D(E)gy,. As for condition (ii), we only need to verify it if s(e) = r(«) (oth-
erwise both sides are zero). Also notice that if |o| > 0, then e« is also a ray
with s(ea) = s(«), which satisfies s, b]'s} = b, so by condition (ii) in Theo-

rem we have 7., (5.6 s5) = T(g,) (bis) = g(s(eq)) [ 2™ dpig(ea)(2) =
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g(s(a)) [p 2™ dpisa)(2) = 7(g,) (7). In the remaining case, |a| = 0, so a
reduces to a vertex v = r(v), for some simple entry-less cycle v. If e is not
an edge in v, then it is a ray, thus the preceding argument still applies (we
will have s, b'sy = bI"). If e is an edge on v, then s bll'st = byley, with
r(e) obviously equivalent to v, and the desired equality — which now reads
ﬁ(gm(b;”(e)) = Ti(g,u) (by') — follows from the equalities g(v) = g(r(e)) and
Ho = Hr(e)-

Conversely, notice first that, if 7, ) is s.-invariant, for all e € £ 1. then
it will also satisfy the identity

ﬁ(g’“)(skasj) = ﬁ(g’“)(p)\a), VA€ E* ae M(E)gy. (74)

Secondly, observe that, if v, v’ are equivalent cyclic vertices, presented as
v = s(v) and v' = s(v') for two simple entry-less cycles, then we can write
v = aff and v/ = Ba for two suitably chosen paths o, 3 € E*. This clearly
implies that b, = sﬁbvs;, which also yields b} = sﬁbvmsg, Vm € Z.

Combining these two observations with condition (ii) from Theorem [4.29]
it follows that, if 7, ) is invariant, then for any two equivalent cyclic vertices
v and v’ we have (with «, 8 as above):

/sz d,uv’(z) = ﬁ(g,u) (bw) = ﬁ(g#)(SBbvaZ) = 77(9,;;) (pﬁbvm) =

ﬁ(gw)(b;n) = Azm d/J”U(Z)a Vm € Z7
which clearly implies i,y = piy. 0

REMARK 4.32. The map (g, 1) — 7j(4,,) establishes a affine bijective corre-
spondence between T°T(E) and the space of positive linear functionals on
M(E)gy that are s -invariant for all e € E*. The inverse of this correspon-
dence is the map 6 — (g%, u%) defined as follows. Given a linear positive
functional § on M(E)g, which is s -invariant, for all e € E*, the graph trace
g% is given by (56), and the tag pu? = (,uZ)veSuppcge is given (implicitly) by
[t =200 v esupg, fecm. ()
T 9°(v)
When we specialize to states, we now have the following extension of
Theorem [£.26]

Theorem 4.33. For any normalized consistent cyclically tagged graph trace
(9, 1) € TYV(E), there exists a unique state ¢,y € S(M(E)) satisfying

(i) dig(x) = 9(s(N)), for every finite path X € E*;

(ii) for any ray a and any integer m:

s(a 2 dpsay(2),  if g(s(a 0,
D(g) (VF) = {gf (D Jo =" o) jﬂfirfmzi ’
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All states ¢ g0, (9, 1) € TYT(E) are fully invariant, and furthermore, the
correspondence

Ty (E) 3 (9. 1) = (g0 € S™(M(E)) (76)

is an affine bijection, which has as its inverse the correspondence

S™N(M(E)) 20— (¢°, 1) € TTN(E) (77)
defined as in and . O

Comment. Using Corollary it follows that for any (g,u) € TY°"(E),
the composition 7(, ;) = ¢(g,.) © Epm defines a tracial state on C*(E); this
way we obtain an injective correspondence

TYN(E) 5 (g, 1) ¥ T(g) € T(CT(E)). (78)

Of course, any tracial state 7 € T'(C*(E)) becomes invariant, when restricted
to M(E), so using we obtain a correspondence

T(C*(E) > 7 (97, 17) € T (E). (79)

Theorem shows that this map is surjective, because the correspondence
is clearly an affine right inverse for .

REMARK 4.34. The range of clearly contains the range of , which
equals T(C*(E))T. After all, any trace g € T1(E) can be tagged using the
constant map p : supp®g — Prob(T) that takes p, to be the Haar measure
for every v, and it is straightforward to verify that for this particular tagging
one, has 7, ,) = Xg-

Concerning the range of , one legitimate question is whether it equals
the whole tracial state space T'(C*(E)). Using the bijection , this ques-
tion is equivalent to the surjectivy of the map

S™(M(E)) 3 ¢+ ¢poEpy € T(CH(E)). (80)

As we have seen in Corollary a sufficient condition for the surjectivity
of is the condition that the inclusion M(E) C C*(E) has the (honest)
extension property. As it turns out, this issue can be neatly described using
the graph.

Theorem 4.35. The inclusion M(E) C C*(E) has the extension property,
if and only if no cycle in E has an entry.

Proof. To prove the “if” implication, assume that no cycle in F has an entry,
fix a pure state w on M(F), and let ¢ be an extension of w to C*(E). In
order to prove uniqueness of ¢, it suffices to show that the value of ¢ on a
standard generator s,s} is independent of the choice of ¢. By assumption,
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there is a * € E<® and z € T such that w = w; . as in Lemma On
the one hand, by Fact 3.1 and the observation that w(p,) =1 for all v < z,
it follows that
Vy<z: ¢(5,55) = O(Dy5a55D)- (81)

On the other hand, using the results from [16, Section 3], it follows that
there is v < x such that p,s,sjp, belongs to M(E). (In the language of
[16], © must be essentially aperiodic by our assumption on E.) Using
it follows that ¢(s,s%) = w(py5,55p,), and the desired conclusion follows.

For the “only if” direction, we show that if there is a cycle v € E*
that has an entry, then we can construct a pure state on M(E) which has
multiple extensions to states on C*(E). Consider the path x = v> € E*®
formed by following v infinitely many times. For each z € T consider the
state w, , € S(C*(E)) introduced in Definition given by

wzz(a) = (Jz|Tpatn (72(a))dz)-
As explained in Remark since z ¢ EY, it follows that:
(z,z) ~(1,2), Vz €T,

which by Lemma means that all restrictions w, +|sq(g), 2 € T, coincide,

so they are all equal to the pure state ¥ € M(FE) corresponding to the
equivalence class (1,2). = T x {z}. However, as states on C*(E), the
functionals w,,, z € T cannot all be equal, since for example we have
woo(v) =2M VzeT. O

Definition 4.36. A graph F is tight, if every cycle is entry-less.

Combining Theorem [£.35] with Corollary [3.6] and Theorem [£.33] we now
obtain the following statement.

Theorem 4.37. If E is tight, then the correspondence is an affine iso-
morphism between the space TY°T(E) and the tracial state space T(C*(E)).
O

REMARK 4.38. Tight graphs are interesting in other respects: they are the
only graphs that yield finite, stably finite, quasi-diagonal, or AF-embeddable
C*-algebras ([20]), as well as the only graphs that yield graph algebras with
stable rank one ([10]). A graph which yields a C*-algebra with Hausdorff
spectrum must be tight, although this is not sufficient [7, Ex. 10].

In the remainder of this paper we aim to parametrize the entire tracial
state space T'(C*(E)) for arbitrary graphs by employing Theorem in
conjunction with certain procedures that replace the graph E with a tight
sub-graph E’, in such a way that the tracial state spaces T(C*(E)) and
T(C*(E')) coincide. Since the sub-graphs that are best suited for analyzing
how the trace spaces change are the canonical ones, the following terminol-
ogy is all we need.
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Definition 4.39. If F is a directed graph, a tightening of E is a canonical
sub-graph, i.e. one that can be presented as E \ H, for some saturated
hereditary subset H C E°, in such a way that

(A) E\ H is tight, and

(B) the canonical x-homomorphism pg : C*(E) — C*(E \ H) implements
a bijective correspondence: T(C*(E\ H)) > 7+ 1o pg € T(C*(E))

Since pp is always surjective, the correspondence from (B) is always injec-
tive, so the only requirement in our definition is its surjectivity.

When it comes to parametrizing tracial states on graph C*-algebras, the
most useful and natural tightening is as follows.

Example 4.40. Let E be a graph, and let C = Cg be the set of vertices
which emit entrances into cycles. The set C' is obviously hereditary, but not
saturated in general, so we need to take its saturation C. As it turns out,
E \ C constitutes a tightening of E. First of all, since passing from E to
E\ C clearly removes all entries into the cycles in E, it is clear that E\ C
is tight. Secondly, in order to justify the surjectivity of

T(C*(E\C)) > 7+ 10 pgz € T(CE)), (82)

all we must show is the fact that all tracial states on C*(E) vanish on
ker pe, for which it suffices to prove the inclusion H C N, which in itself is
a consequence of Proposition [£.22]

The sub-graph constructed in the above Example is called the minimal
tightening, and is denoted by Ejene. The canonical *-homomorphism will be
denoted by pright : C*(E) — C*(Fyignt). Combining this construction with
Theorem [4.37] we now obtain.

Theorem 4.41. For any directed graph E, the map
TICCT(Etight) 2 (ga M) > T(g,u) © Ptight € T(C* (E))
s an affine isomorphism. O

The final result in this paper deals with a graph-theoretic characteri-
zation of automatic gauge invariance for tracial states, which as pointed
out in Remark is equivalent to the surjectivity of the map . In
[30], it is shown that this feature is implied by condition (K). However, as
Theorem below shown, this is not necessary.

Theorem 4.42. For a directed graph E, the following conditions are equiv-
alent:

(1) all tracial states on C*(E) are gauge invariant;
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(ii) the source of each cycle in E is essentially left infinite.

Proof. (i) = (ii): Suppose that A = ej ... e, is a cycle such that v = s(\) =
r(e1) is not essentially left infinite; we show how to construct a tracial state
on C*(FE) which is not gauge-invariant. Note that as v is not essentially infi-
nite, in particular it does not emit an entrance to any cycle; therefore, none
of the edges in A will be removed when forming Ejepe, and so we can as-
sume that F is tight. (Since the canonical quotient 7 : C*(E) — C*(Eight)
is equivariant for the respective gauge actions, a non-gauge invariant tracial
state on C*(E)tight) will give rise to a non-gauge invariant trace on C*(E).)

Say that a path p € E* is acyclic if it cannot be written as y = avg for
a, B € E* and v a cycle. Let A denote the set of all acyclic paths with source
v; note that any two paths in A are incomparable, and so A must be finite
because v is not essentially left infinite. For w € EY let g(w) = [ANr~(w)];
it is straightforward to verify that ¢ is a finite graph trace with g(v) = 1
which we can normalize to obtain ¢’ € T1(E). Note that the cyclic support
of ¢’ is precisely r({e1,...,emn}) (as v is not essentially left infinite, it emits
no entrances to cycles).

Now we can take any z € T\ U}y and let py,) = 6, foralli=1,...,m.
The affiliated tracial state 7, ,) € T(C*(E)) will satisfy

T(g) (bA) = g(s(\)2M #£0

so that in particular 7, ,) is not gauge-invariant.

(ii) = (i): Suppose that the source of each cycle is essentially left infi-
nite. Any finite graph trace must vanish on an essentially left infinite vertex
as in Proposition hence if every source of every cycle is essentially
left infinite, then there are no vertices in the cyclic support of any graph
trace, and so there are no taggings to consider. Thus every tracial state on
C*(Etignt) is gauge-invariant, which shows that every tracial state on C*(FE)
is gauge-invariant. O

Comment. Besidese the minimal tightening g introduced in this paper,
other tightenings could naturally be considered. The same arguments as
those used in Example can be used with C replaced by another hered-
itary subset H C E°, as long as:

(A) the canonical sub-graph E \ H is tight, and
(B) one has the inclusion H C Ny, for all g € T1(E).

One way to ensure (A) is to take H to contain C'g. As far as condition (B)
is concerned, we could use Proposition [£.22] as a guide. In particular, we
can consider the set L = Lg of all essentially left infinite vertices. Since
L is potentially much larger than Cg, the resulting subgraph E \ Lg will
potentially be considerably smaller than Fiiepe (and thus easier to analyze
regarding graph traces).
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